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ABSTRACT: We report an enhanced magnetoresistance (MR) in an
organic spin valve with an oxygen plasma-treated pentacene (PC) spacer.
The spin valve containing PC without the treatment shows no MR eﬀect,
whereas those with moderately plasma-treated PC exhibit MR ratios up to
1.64% at room temperature. X-ray photoelectron spectroscopy with depth
proﬁling is utilized to characterize the interfacial electronic properties of the
plasma-treated PC spacer which shows the formation of a derivative oxide
layer. The results suggest an alternative approach to improve the interface
quality and in turn to enhance the MR performance in organic spin valves.
■ INTRODUCTION
Organic semiconductors (OSC), owing to their ease of
processing, mechanical ﬂexibility, and highly tunable chemical
properties, are promising candidates for low-cost electronic and
spintronic device applications.1 Recently, a large magneto-
resistive (MR) eﬀect with exceptionally long spin diﬀusion
length has been demonstrated in organic spin valves (OSVs)
comprising La0.67Sr0.33MnO3 (LSMO)/OSC/ferromagnet
(FM) trilayered structure.2,3 However, in these LSMO-based
OSVs, the MR eﬀect diminishes quickly as temperature rises
and hardly sustains the desirable working temperature (i.e.,
room temperature) because the spin polarization of LSMO is
highly temperature-dependent.4,5 To achieve room-temperature
OSV operation, electrode materials other than LSMO need to
be involved. The trials include the revisit of conventional 3d
transition FM metals such as Co and Fe,6,7 but the conductivity
mismatch between the electrode and OSC would deplete the
spin injection from FM into OSC.7,8 Nevertheless, eﬀective
spin injection can be restored by inserting a thin insulating
tunnel barrier such as Al2O3 between the FM electrode and the
OSC spacer.5,9−11 As an alternative approach in this study,
OSVs with a pentacene (PC) spacer have been prepared, and
the derivative oxide at the FM/OSC interface created by
plasma-induced modiﬁcation on the PC surface took the place
of the aforementioned Al2O3 barrier.
Pentacene (PC) is a model organic semiconductor material
which has widely been used as the active layer in organic thin
ﬁlm transistors (OTFTs).12,13 The high mobility (≥1 cm2/V·s)
and excellent crystalline quality of PC make it an ideal medium
for charge carrier transport.12,13 Nevertheless, when used in
layered structures such as OSV, pentacene poses a potential
problem because metals deposited onto pentacene may either
penetrate the surface or diﬀuse into pentacene that degrades
the device performance. In fact, metal diﬀusion has been
attributed as the primary cause of pinholes and defects in the
organic layer in OSVs.3,5,14 The insertion of a buﬀer layer at the
organic/metallic interface9,15,16 or the modiﬁcation of the
organic layer with functionalized surfaces17 has been reported
to prevent the metal penetration or diﬀusion and in turn to
improve the device performance. Organic surface modiﬁcation
by oxygen plasma has also been demonstrated for adhesion
improvement, while the desirable bulk properties of the organic
material are maintained.18,19 The technique of plasma treat-
ment is a versatile tool for surface chemical modiﬁcation in
many applications such as carbon nanotube electronics,20
organic biosensors,21 and surface adhesion improvement of
organics.18 Being a dry, low-temperature, and time-eﬃcient
process, the advantages of plasma treatment also include the
conﬁnement of its modiﬁcation solely on the surface of a
material. In this paper, we demonstrate that the PC-based
OSVs with oxygen-plasma treatment exhibit room-temperature
spin-dependent transport. We further investigate the “in-depth”
electronic proﬁle of the plasma-treated PC and conﬁrm the
establishment of a thin derivative oxide layer. The results
suggest that the combination of PC and a plasma-induced
surface oxide is helpful to aid the MR performance in OSVs.
■ EXPERIMENTAL SECTION
As schematically illustrated in Figure 1(a), the organic spin
valve is constructed in the sequence of NiFe (22 nm)/CoFe
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(15 nm)/PC (20.5 nm)/CoFe (30 nm) with the OSC PC
spacer sandwiched between two crossed ferromagnetic electro-
des, in which the combination of NiFe/CoFe acts as the soft
FM layer whereas the capping CoFe acts as the hard layer.22,23
The PC layer was prepared by thermal evaporation followed by
oxygen-plasma treatment (at the power of 100 W and the
pressure of 30 mTorr) of various exposure times, whereas the
NiFe and the CoFe layers were made by dc sputtering at an Ar
working pressure of 5 mTorr. The Current-Perpendicular-to-
the-Plane (CPP) resistance and the Magneto-Optical Kerr
Eﬀect (MOKE) measurements were employed to characterize
the magnetoresistive (MR) eﬀect and the magnetization
conﬁguration of the two FM electrodes. The electronic
properties of PC with diﬀerent exposure time to oxygen
plasma were investigated separately on bilayered samples
(made without the capping CoFe electrode but under
conditions identical to the OSV samples) using X-ray
photoelectron spectroscopy (XPS) at Beamline 09A1 of the
National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. The 0.12 eV XPS energy resolution was set by the pass
energy of 5.85 eV in the Hemispherical Sector Analyzer (HSA).
To estimate the thickness of the derivative PC oxide created by
the plasma treatment, the depth proﬁle of the plasma-treated
PC layer was performed using an in-house X-ray source excited
XPS (VG ESCA Scientiﬁc Theta Probe (2000)) equipped with
an Ar etching source.
■ RESULTS AND DISCUSSION
The cycling of junction resistance with ﬁeld of a PC-based spin
valve (with 20.5 nm thick PC treated by oxygen plasma for 4
min) is indicated by the black curve in Figure 1(b). The curve
displays the typical pseudospin-valve-type characteristics at
room temperature with a MR ratio of 1.64%. Here, the MR
ratio is deﬁned as ΔR/RP = (RAP − RP)/RP, where RP and RAP
are the resistances when the magnetizations of the FM
electrodes are in parallel and antiparallel conﬁgurations,
respectively. The red curve in Figure 1(b) gives the hysteresis
loop obtained by the MOKE measurement, in which a typical
two-step pseudospin-valve behavior is also observed. The
change of MR follows closely the switching of the relative
magnetization orientation of the two electrodes, as indicated in
Figure 1(b).
Figure 2 shows the junction resistances and the MR ratios of
a series of OSVs whose 20.5 nm thick PC spacers have been
treated by oxygen plasma for various exposure times. The
sample containing the as-grown PC spacer without the
treatment exhibits a negative measured resistance and no MR
eﬀect. The negative value of resistance is due to the
inhomogeneity of current distribution when the resistance of
the junction itself is much smaller than the resistance of the
electrodes.24 The low junction resistance of the as-grown
sample suggests that the existence of pinholes and defects in the
PC layer possibly resulted from the subsequent sputtering
process of the top CoFe layer and the diﬀusion of the electrode
material into PC. The sample with PC treated by 2 min oxygen
plasma shows a positive junction resistance of 88 Ω and a MR
ratio of 0.88%, signaling the occurrence of spin-polarized
transport. When the plasma exposure time is raised to 4 min,
the junction resistance increases to 800 Ω, while the MR ratio
reaches 1.64%. This junction resistance is twice the resistance of
Figure 1. (a) Schematic diagram of the trilayered organic spin valve
(OSV). The organic semiconductor (OSC) spacer is made of
pentacene, whose molecular structure is indicated below. (b) The
room-temperature magnetoresistive (black, referenced to the left
vertical axis) and the MOKE hysteresis (red, referenced to the right
vertical axis) curves of an OSV with 20.5 nm PC treated by oxygen
plasma for 4 min. Both measurements were made at room
temperature.
Figure 2. Variations of junction resistance (red squares, referenced to
the left axis) and MR ratio (blue open triangles, referenced to the right
axis) with oxygen-plasma exposure time for OSVs with a 20.5 nm PC
spacer. The negative resistance of the 0 min sample (indicated by the
open square) is due to a current distribution eﬀect, and the solid blue
lines linking the MR data are a guide to the eye. The inset shows the
variation of junction resistance versus PC thickness for samples whose
PC spacers have been treated by plasma for 4 min. The numbers by
the data points indicate the MR ratios.
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the electrodes (≅400 Ω). At 6 min exposure time, the junction
resistance continues to rise, but the MR ratio drops to zero.
Previous studies have shown that the transport of charge
carriers is very sensitive to the morphology of the semi-
conductor surface and the electronic defects at the semi-
conductor−insulator interface.25 The 6 min plasma exposure
time might have overly oxidized the PC layer, creating
undesirable defects and nonspin-conserving scatterings that
devastate the MR eﬀect. A quick review of Figure 2 suggests
that the ≈4 min plasma exposure time sets an opportune
window to create an eﬀective derivative oxide layer over the PC
surface for the junction. Samples with diﬀerent PC thicknesses
and treated by 4 min oxygen plasma also reveal a MR eﬀect of
diﬀerent magnitudes. The sample with 6.8 nm thick PC exhibits
a MR eﬀect of 5.62%, but this high MR ratio is more likely (or
at least partially) due to the current distribution eﬀect in a
junction with low junction resistance.24,26 The sample with 24.6
nm thick PC shows a MR eﬀect of 0.21% (note that the MR
ratio for the sample with 20.5 nm thick PC is 1.64%). The
decrease of MR with increasing spacer thickness is known as
the consequence of spin-memory loss eﬀect in spin-related
transport.10,27
Because of the relatively low junction resistances of our
samples (keep in mind that there’s an energy barrier of ≈1 eV
for PC grown on Co to make charge transport diﬃcult28),
whether the charge transport is actually occurring through the
PC layer or simply by direct tunneling through the oxide
channel or defects in some local thin areas needs to be clariﬁed.
The inset of Figure 2 plots the junction resistance versus PC
thickness for a series of OSVs whose PC spacers have been
treated by oxygen plasma for 4 min. Under the circumstance of
ﬁxed plasma exposure time and hence ﬁxed oxide layer
thickness, which is about 1.8 nm as estimated by the depth
proﬁling of XPS (see below), the junction resistance scales
exponentially with the PC thickness. This exponential scaling
behavior has been reported in previous OSV works and has
been used to classify eﬀective transport in organics.9,11 The
result shown in the inset of Figure 2 suggests that in our OSV
samples the electric transport is more likely occurring and
dominated via the PC layer rather than through the oxide
channel or defects.
Figures 3(a), 3(b), and 3(c) show, respectively, the C 1s and
O 1s core-level XPS spectra for 0 min (as-grown), 2 min, and 4
min oxygen plasma-treated PC. In Figure 3(a), the main peak
(C1) in the C 1s spectrum at binding energy (BE) 284.8 eV
represents the sp2-formed carbon in the PC structure,29
whereas the peaks at BE 285.6 eV (C2) and BE 289.9 eV
(C5) are attributed to the C−O chemical bond and the O−
CO bond attached to PC, respectively.30 The appearance of
C2 and C5 could result from the surface oxidation when the PC
layer was exposed to the ambience. Figures 3(b) and 3(c) show
that when the PC layers are treated by oxygen plasma the
oxygen-related bonds in the C 1s state appear at the higher BE
side, including peak C2 at BE 285.6 eV for the C−O bond,
peak C3 at BE 286.6 eV for C−O−C, peak C4 at BE 287.6 eV
for CO, and peak C5 at BE 289.6 eV for O−CO.30
Compared with the C 1s state of the as-grown PC, the number
of oxidation peaks increases upon treatment, evidencing the
eﬀect of chemical modiﬁcation by oxygen plasma. In contrast,
the sp2-formed CC state diminishes upon the treatment due
to the reconstruction of oxidation bonds. As for the O 1s state,
the as-grown PC shows a broad peak with two oxygen
components: peak O1 at BE 533.0 eV for the C−O bond and
peak O2 at BE 534.2 eV for O−CO (see Figure 3(a)). The
spectra of 2-min and 4-min plasma-treated PC, as seen in
Figures 3(b) and 3(c), show an enhanced peak of the O 1s state
which can be resolved into four components, namely, peak O1
at BE 533.0 eV for the C−O bond, peak O2 at BE 532.2 eV for
CO, peak O3 at BE 533.4 eV for C−O−C, and peak O4 at
BE 534.2 eV for O−CO.30 The plasma treatment also
increases the number of components of the oxygen−carbon
group during the formation of PC oxide, which is consistent
with the C 1s proﬁle. The inset column of Figure 3 compares
the intensities integrated over the O 1s spectra for the three
samples considered. The intensities of the treated samples are
substantially larger than that of the as-grown sample. The slight
diﬀerence between the intensities of the two treated samples
could be due to the discrepancy of the probing depth, as the
photoemission electrons are highly surface sensitive.
The depth proﬁles of the C 1s, O 1s, and Fe 2p3/2 states are
performed on a bilayered sample consisting of 20.5 nm of PC
treated by 4-min oxygen plasma and 30 nm of CoFe, by a series
of etching processes (using Ar plasma) to remove a thin surface
layer with each removal followed by an immediate XPS scan.
The variations of the maximum peak intensity with etching
depth for the C 1s, O 1s, and Fe 2p3/2 signals are indicated by
black, red, and green symbols in Figure 4(a), respectively. From
0 to ∼1.8 nm in the depth proﬁle, the intensity of the C 1s
signal slowly increases, while that of the O 1s rapidly decreases
Figure 3. XPS C 1s and O 1s spectra of bilayered PC (20.5 nm)/CoFe
(30 nm) samples with (a) as-grown PC, (b) PC treated by oxygen
plasma for 2 min, and (c) PC treated by oxygen plasma for 4 min. The
open circles and the red curves represent the original XPS data and the
sum of the ﬁtted components, respectively. The inset column shows
the integrated intensities of the O 1s spectra for the three samples.
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and approaches zero. As the etching process goes further, the
signal intensity of C 1s remains unchanged, whereas those of O
1s and Fe 2p3/2 are almost negligible until reaching a threshold
at ∼16 nm when the Fe 2p3/2 signal starts to pick up and the C
1s signal goes down. The proﬁle gives a clear indication that the
oxidation depth of the 4-min plasma-treated PC is approx-
imately 1.8 nm. Underneath the surface oxide lies the pristine
PC, and the ﬁnal intensity changes indicate the approaching of
the PC/CoFe interface.
Figure 4(b) shows the position (in terms of binding energy)
of the maximum XPS C 1s peak as a function of depth. The
peak position starts at 285.7 eV before etching, which is
attributed to the C−O bond that belongs to the surface
oxidation group resulting from the oxygen-plasma treatment.
As Ar ions lift oﬀ the topmost layer of the oxidized PC, the
position of the C 1s peak moves quickly toward 284.8 eV,
which is attributed to the C−C bond within the PC structure.
The peak position remains ﬂat until 18 nm in depth. From 18
to 20.5 nm, the C 1s peak position shifts from 284.8 to 284.6
eV, accompanied by the increase of the Fe 2p3/2 signal (see
Figure 4(a)), indicating that the etching process is reaching the
end of PC. Combining the results of Figure 4(a) and Figure
4(b), we estimate the thickness of the derivative oxide created
by the 4-min oxygen-plasma treatment around 1.8 nm, with the
majority of the original PC remaining intact. Thus, the
treatment of oxygen plasma is proven eﬀective in modifying
the surface layer of PC without aﬀecting its bulk electronic
properties, suggesting an alternative approach to engineer the
OSC/FM interface and to improve the MR performance in
OSV devices.
■ CONCLUSION
In conclusion, our study of organic spin valves with a
moderately plasma-modiﬁed PC spacer shows a magneto-
resistive eﬀect with MR ratio up to 1.64% at room temperature.
The C 1s and O 1s core-level XPS spectra recorded on the
oxygen plasma-treated PC indicate the formation of a derivative
oxide layer on the PC surface. The XPS depth proﬁle recorded
on the 4-min oxygen plasma-treated sample reveals the actual
thickness of the derivative oxide and further demonstrates that
oxygen plasma acts only on the surface of the PC without
aﬀecting its bulk electronic properties of the majority part.
These results suggest that the use of a thin derivative oxide
layer created upon the organic layer by plasma treatment could
be an eﬀective approach to improve the MR performance in
OSV devices.
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